Electrochemical double layer supercapacitor cells were fabricated and tested using composite electrodes of activated carbon with carbon black and poly(3,4-ethylenedioxythiophene) (PEDOT), and an organic electrolyte 1 M TEABF 4 /PC solution. The effect of PEDOT on the performance of the EDLC cells was explored and the cells were characterised by electrochemical impedance spectroscopy (EIS), cyclic voltammetry and galvanostatic charge-discharge. A generalised equivalent circuit model was developed for which numerical simulations were performed to determine the properties and parameters of its components from the EIS data. It was found that the proposed model fitted successfully the data of all tested cells. PEDOT enhanced the electrode and cell capacitance via its pseudo-capacitance effect up to a maximum value for an optimum PEDOT loading and greatly increased the energy density of the cell while the maximum power density has been still maintained at supercapacitor levels. Furthermore, PEDOT replaced PVDF as a binder and harmful solvent release was reduced during electrode processing. Activated carbon-carbon black composite electrodes with PEDOT as binder were found to have specific capacitance superior to that of activated carbon-carbon black electrodes with PVDF binder.
Introduction
Supercapacitors, including electrochemical double layer capacitors (EDLCs) and redox or pseudo-capacitors, are generally fast charging energy-storage devices with power and energy densities performance between traditional capacitors and batteries. They can be used as alternative or complementary power sources in various applications including telecommunication devices, standby power systems, portable electronic devices and electric hybrid vehicles [1] . An EDLC stores the energy by accumulating the opposite charges on the thin double layer (5-10Å) [2] at the interface between the porous electrode and the electrolyte through electrostatic force. Carbonaceous materials such as aerogel [3, 4] and powder [5, 6] are the most commonly used electrode materials in EDLC devices due to carbon's high surface area, chemical and thermal stability, relatively low cost and low environmental impact. Carbonaceous materials are usually activated [4, 7] to produce a large porous surface area before being used for EDLC electrodes. On the other hand, the activation of carbon results in a lower electrical conductivity, usually 0.1-1.0 S cm −1 , due to its high porosity and high surface area [8, 9] . This large resistance inevitably results in an increase in power loss and energy dissipation. To improve the conductivity of carbon electrodes, conductive fillers, like carbon nanotubes (CNTs) [10, 11] and carbon black [12] can be added. 5% carbon black (CB) was mixed into AC to increase its conductivity [12] although high loading of CB in AC would induce a deterioration of the total capacitance due to the small surface area of the CB.
A pseudo-capacitor stores energy through relatively fast and reversible faradaic (redox) processes in a redox-active material at characteristic potentials. Conducting polymers, such as polyacetylene, polypyrrole, polyaniline, polythiophene, and their derivatives, are amongst the more promising materials for a polymer-based pseudo-capacitor [13] . Conducting polymers are able to store charge, not only in the electrical double layer, but also throughout the body of the polymer by rapid faradaic charge transfer i.e. a three-dimensional charge storage mechanism resulting in far higher capacity. However, the redox reaction in pseudo-capacitors is a slower process compared with the double layer process in EDLCs and, hence, the pseudo-capacitor has lower charge/discharge performance than an EDLC capacitor. One solution is to incorporate conducting polymers into the carbon electrode which has been shown to increase its capacitance while maintaining high level of power density [14, 15] .
Amongst conducting polymers, poly(ethylenedioxythiophene) (PEDOT) exhibits not only a high conductivity but also an unusual stability in the oxidized state, being considered as perhaps the most stable conducting polymer currently available [16] and, therefore, many researchers have studied PEDOT as the electrode material for supercapacitors [17] [18] [19] . PEDOT/carbon composite as electrodes for supercapacitors with high energy and power density have been reported [19, 20] . But all the PEDOT reported in the PEDOT/carbon composite electrodes was synthesized in situ on carbon materials by electrochemical or chemical-polymerization from EDOT. It should be noted that although in situ synthesised PEDOT composite electrodes can have higher conductivity than the ones from mechanically blending the ingredients, the increased process complexity and longer manufacturing times render this an unfeasible route for mass-production.
In this study, a PEDOT/carbon composite electrode was fabricated by mechanical blending with a low concentration of PEDOT, which also acted as a binder. The effect of PEDOT on the performance of carbon composite electrodes for supercapacitor devices was explored, where the carbon composite base was activated carbon (AC) and 5% carbon black (CB). A commercial aqueous PSS doped PEDOT colloidal solution was used. The advantage of this aqueous PEDOT is that, after drying, the PEDOT/PSS film is highly conducting, mechanically durable, and insoluble in common solvents. When PEDOT was distributed in the AC matrix, AC should act as a scaffold, giving PEDOT a high surface-to-volume ratio, which improves both the energy and power density of the PEDOT itself through the increased surface area and by limiting the distance over which ion diffusion inside the PEDOT polymer body occurs. This aqueous PEDOT solution can work as a binder to replace conventional insulating binders such as PTFE and PVDF, reducing the resistance of the electrode and avoiding harmful solvents being released during electrode processing. The supercapacitor cells were assembled in a symmetric electrode configuration and 1 M tetraethylammonium tetrafluoroborate (Et 4 NBF 4 or TEABF 4 ) in propylene carbonate (PC) was used as electrolyte. TEABF 4 /PC electrolyte is widely used in batteries and capacitors as it allows a high electrochemical window of more than 3 V [1, 21, 22] . The capacitor cells were subjected to electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) tests. The data obtained were used to fit a generalised equivalent circuit model for each type of cell.
Experimental details
The composite electrodes were prepared from a blend of activated carbon (AC) (Sigma-Aldrich), poly(3,4ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) (Sigma-Aldrich, 1.3 wt% dispersion in H 2 O), carbon black (acetylene) (Alfa Aesar) and poly(vinylidene fluoride) (PVDF) (Sigma-Aldrich). All the chemicals were used without further treatment. Electrodes were constructed according to the ratios in Table 1 and were mixed thoroughly in PEDOT solution, or lmethyl-2-pyrrolidinone (NMP) if PVDF was used, to form a slurry. The slurry was then coated onto aluminium foil using an Elcometer Film Applicator. The film was then dried in an oven at 200 • C for Table 1 .
The capacitor cells were assembled by placing two rectangular strips of carbon composite coated Al film with the carbon sides face to face. A piece of filter paper soaked with electrolyte solution was placed in between the strips as a separator. The electrodes overlap area defined the working area which was fixed to 2 cm 2 in all the devices. Finally the device assembly was sealed in a plastic "bag" by vacuum.
The electrolyte was 1 M Et 4 NBF 4 (Sigma-Aldrich, purity 99%) in PC (Sigma-Aldrich, anhydrous, purity 99.7%).
The performances of different EDLC cells were characterized by EIS, CV, and GCD tests, using a VersaSTAT MC analyser. The devices were characterized in a 2-terminal configuration, no reference electrode was used in the tests.
Results and discussion

Electrochemical impedance spectroscopy analysis and equivalent circuit models
The EIS measurements on the cells were carried out at a DC bias of 0.2 V with a sinusoidal signal of 20 mV over the frequency range from 1 MHz to 10 mHz. Fig. 1 shows the corresponding Nyquist plots for the three devices with ACB, ACBP5 and ACBP10 electrodes. The Nyquist plots were used for the fitting of a generalised equivalent circuit model presented in Fig. 2 , consisting of an inductor L1 affecting the cell behaviour only at the highest frequencies, an equivalent series resistance R1, a parallel resistance R2, and three constant phase elements CPE1, CPE2, CPE3. A constant phase ele- ment (CPE) is described by the equation
For n = 1 the CPE is a capacitor with capacitance Q. For n = 0 the CPE is a resistor with resistance 1/Q. Table 2 presents the values of the parameters of the generalised equivalent circuit model for each type of tested supercapacitor cell, where these parameters were derived from a best fit of the data of the corresponding Nyquist plots in Fig. 1 using the EIS Spectrum Analyser ® software. Fig. 3 displays the Nyquist plots of the experimental data and the predictions of the corresponding equivalent circuit models using the parameters from Table 2 .
The first capacitor behaviour in EIS occurs in the region of highto-medium frequencies illustrated by the semi-circle in the Nyquist plots in Figs. 1 and 3 and represented by the constant phase element CPE1 in the generalized equivalent circuit model in Fig. 2 . At these high-to-medium frequencies only small amounts of charge complexes in electrolyte can overcome the activation energy to migrate with the alternating potential, hence the capacitance is low devel-oped by the moving electrolyte ions close to the Helmholtz plane represented by an interfacial contact capacitance (C c ) and charge transfer resistance (R ct ) within the micropores of porous carbon [23] [24] [25] . Lower R ct indicates better electrolyte pore accessibility. The closer the value of n is to one in a CPE in the equivalent circuit model the closer to capacitor rather than resistor the element is. CPE1 has high n1 values for all cells (Table 2) indicating capacitor behaviour, especially for the cells with PEDOT in the carbon composite electrode at 5 and 10% loadings. More specifically ACBP5 at 5% PEDOT loading has the highest CPE1 capacitance (semi-circle region).
The semicircle has two intersection points on the real axis: the first Z re intersection point at the left end of the semicircle represents the ohmic resistance of the bulk electrolyte solution modeled by the equivalent-in-series resistance R1 in the equivalent circuit model in Fig. 2 , which is approximately the same for all three types of capacitor cells. The diameter of the semi-circle represents the charge transfer resistance, R ct , modeled mainly by the in-parallel resistance R2 in the equivalent circuit model: the results in Table 2 demonstrate that it is lowest in the case of ACB electrodes and it increases when PEDOT is added, indicating worse pore accessibility by the electrolyte in the latter case. This indicates that the addition of PEDOT has reduced the rate of charge transfer presumably by constricting part of the micro-pores of the AC and forming a higher resistance interface between the AC particles and the PEDOT. In the case of ACB which has PVDF binder, although PVDF is an insulator, when the electrode is dried at 200 • C PVDF melts and shrinks through surface tension to expose AC micropores and to improve carbon particle-particle contact; as a result R ct is smaller in ACB than in the electrodes with PEDOT. This is illustrated in Fig. 4 which presents SEM micrographs of the (a) ACB and (b) ACBP5 electrodes. The larger, irregular particles are the AC particles which are covered by clusters of the small carbon black particles that are embedded in the binder. In the case of (a) ACB, the shrinkage of the PVDF binder has compressed the carbon black particles to form denser clusters of carbon black that would improve carbon particle-to-particle contact and expose AC micropores. In the case of (b) ACBP5, PEDOT acting as a binder shrinks less and allows for large clusters of carbon black particles embedded in the PEDOT matrix and covering more surface area of AC. Furthermore, it was found that the ACB coating was somehow easy to be peeled off the Al foil whereas the PEDOT formed a robust and flexible coating with ACB in ACBP5 and ACBP10 and these coatings were hard to peel off the Al foil that has been used as the outer electrode in this study.
On the right side of the semicircle in the Nyquist plots in Fig. 1 , the equivalent circuit model in Fig. 2 includes a constant phase element CPE3, for which the low value n3 = 0.1 determined from the fit of the equivalent circuit model to the EIS data for the ACBbased cell, indicates that CPE3 can be approximated by a resistor in the ACB-based cell of approximately (1 × 10) −1 = 0.9 that really adds to the value of the in-parallel resistance R2. In the case of the ACBP5-based cell, with the electrode containing 5% PEDOT, it was determined that the phase element CPE3 could be fitted to the EIS data with n3 = 0.4 which means that CPE3 in ACBP5 can be approximated by a ∼45 • Warburg element which represents the ion diffusion into the bulk of the electrode through pores of varying size [24] .
Finally, at lower frequencies, the EIS curve is almost vertical (Fig. 1) , indicating the capacitive nature of the device. This is represented by the constant phase element CPE2 in the equivalent circuit model, in which n2 ≈ 1 for all types of cells in Table 2 indicating a good capacitor with capacitance Q2. Furthermore, the 5% w/w PEDOT composition more than doubles the capacitance of CPE2 in comparison with that of the ACB based cell and in fact it seems to be the best PEDOT content for CPE2 to be the ideal capacitor (n2 = 1) and have the highest capacitance Q2. 
Cyclic voltammetry
In order to estimate the capacitance of the cells and stability of the electrolyte, cyclic voltametry (CV) was carried out for the three types of cells in a series of sweeps at a rate from 0.01 V s −1 to 1.0 V s −1 between 0 and 3 V. Fig. 5 displays two typical CV curves at two extreme scan rates, where the specific capacitance of one electrode is given by the following equation:
where i is the current, v is the scan rate and m is the mass of one electrode. The curves are regular and reproducible, indicating good stability of the electrolyte in this operating voltage range. At low scan rate, all electrodes gave a CV shape closely resembling a rectangle. The capacitance value is in the order of ACBP5 > ACBP10 > ACB, indicating that addition of PEDOT in AC can increase the cell capacitance to a maximum and then decrease as the concentration of PEDOT increases, which is due to the pseudocapacitance contribution of PEDOT, limited by slower ion diffusion at high PEDOT concentration. The capacitance values at slow scan rate are consistent with the values of Q2 of the constant phase element CPE2 (almost capacitor as discussed in Section 3.1) in Table 2 , where Q2 represents the cell capacitance at low frequencies in the EIS data. As PEDOT is increased from 5% in ACBP5 to 10% in ACBP10, CPE3, which characterises ion diffusion through different size pores, has n3 displayed in Table 2 decreasing from n3 = 0.4 in ACBP5 to n3 = 0.3 in ACBP10, demonstrating that CPE3 is more resistor than capacitor in ACBP10, i.e. the higher PEDOT concentration leads to slower ion diffusion which decreases the overall retained charge and, hence, capacitance in ACBP10. Although the addition of PEDOT has increased the capacitance, no obvious redox peak of faradic contribution can be seen in the range of 0-3 V; this does not mean that there is no redox reaction as conducting polymers contain a broad range of energy states, which can result in a wide redox peak [26, 27] . In addition, as the CV was performed on the full EDLC cell, oxidation and reduction can happen at the positive and negative electrodes at different times which may have the effect of smoothing the redox peak of the full cell. At high sweep rates the CV curves of all electrodes were severely distorted to slim, leaf like shapes due to ions being able to only arrive at shallow positions within pores and the increasing diffusion resistance from the migration friction between the charge-complexes and the PC molecules, with the increasing sweep rate. The capacitance value is in the order of ACB > ACBP5 > ACBP10, due to the higher charge transfer resistance as the PEDOT concentration increases and due to the redox process being comparatively slow. The high scan rate cyclic voltametry tests at 1 V s −1 up to 3 V and back to 0 V could be considered equivalent to a frequency of 0.16 Hz for triangular AC function which means that for all cells this is the regime controlled by the rate of ion diffusion through pores of different sizes, i.e. the branch of charge transfer resistance represented by R2 and CPE3 in the equivalent circuit model of Fig. 2 . Adding PEDOT seems to incur a higher transfer resistance R2 than in ACB (see Table 2 ) when the ACBP5-based cell is compared to the ACB-based cell, while 10% PEDOT slows down ion diffusion (n3 = 0.3) compared to the case of the ACBP5-based cell (n3 = 0.4). Increasing the electrical conductivity of PEDOT might improve the situation.
Galvanostatic charge-discharge tests
In order to examine the device performance including the dependence of the capacitance on the current density and evaluate the cell capacitance with respect to its power, charge-discharge cycling between 0 and 3 V at various currents from 2 mA to 100 mA was carried out. Fig. 6 displays two typical charge-discharge plots at 1 mA cm −2 and 50 mA cm −2 . At the low current density, 1 mA cm −2 (or 2 mA current), all electrodes showed triangular charge-discharge curves, suggesting that the electrodes tested have no obvious redox reaction, which is consistent with the CV measurements. The performance (time elapsed during charge-discharge) of the three electrodes is in the order ACBP5 > ACBP10 > ACB, which is consistent with their CV behaviour at low scan rates. At the high current density of 50 mA cm −2 (or 100 mA current), the performance of the electrodes is in the order ACB > ACBP5 > ACBP10, due to the increased internal resistance as the content of PEDOT increased. The IR drop at the turning point of the charge-discharge line, which indicates the energy loss due to the internal or equivalent series resistance (ESR) [28] , was enlarged at the higher current density. The IR drop of the three electrodes is in the order ACB < ACBP5 < ACBP10, indicating that PEDOT increased the internal resistance, by coating the carbon particles. Although PEDOT is more conductive than PVDF, it does not shrink like PVDF at high temperature. However, PEDOT can be modified to increase its conductivity by adding a cosolvent such as DMSO [29] .
The results of various CV and charge-discharge tests for the ACBP5 cell were assembled and converted to an energy density-power density Ragone plot for this single cell, which is presented in Fig. 7 . The plot illustrates that the addition of 5% w/w PEDOT to the activated carbon-5% w/w carbon black composite electrode increases the capacitance leading to increased energy density of the supercapacitor cell approaching 200 Wh kg −1 in our tests whereas the power density of the single small cell reaches a maximum value at 10 kW kg −1 .
Conclusions
This study has investigated the effect of PEDOT:PSS on an activated carbon-5% w/w carbon black composite electrode used in supercapacitor cells with 1 M TEABF 4 -PC electrolyte. The fabricated cells were subjected to electrochemical impedance spectroscopy (EIS), cyclic voltametry and charge-discharge tests. A generalized equivalent circuit model with equivalent-in series-resistance, inparallel resistance and three constant phase elements (CPEs) was fitted successfully to the EIS results for all types of cells.
In general, the addition of PEDOT:PSS enhanced the capacitance of the cell to a maximum at 5% w/w PEDOT, due to the additional pseudo-capacitance of PEDOT. This is beneficial for capacitors used in low frequency applications, which still includes a large range of applications such as automotive energy storage. In fact, the capacitance of the CPE2 component of the equivalent circuit model was doubled by adding 5% w/w PEDOT, where CPE2 is the supercapacitor component functioning in the low frequency range. The work also demonstrated the feasibility of using PEDOT as a binder for AC which also reduces the release of harmful organic solvents during the electrode fabrication process. On the other hand, PEDOT contributed to a reduction in charge mobility and increase of the charge transfer resistance i.e. the parallel resistance in the equivalent circuit model.
